Using cryo-electron tomography of vitrified sections of one month-old Arabidopsis thaliana 24 inflorescence stem tissue, we visualized primary and secondary cell walls of xylem tissue. 25
4 load bearing but instead for flexibility and ductility with superior load transfer capabilities as 63 well as elastic and viscoelastic energetic capacities. 64 65 Cell Wall Building Blocks 66 1-month old Arabidopsis thaliana inflorescence stems ( Fig. 1A-B ) have different cell 67 wall types (Fig. 1C) , including thin xylem parenchyma (XP) cell walls with only primary walls 68 and thick xylem tracheary (XTE) elements cell walls with both primary and secondary walls. 69 Figure 1D and 1E show single ~1nm thin slices through 3D reconstruction of vitreous sections of 70 XP and XTE cell walls cut from self-pressurized, ultra-rapidly frozen young stem segments (24), 71
with corresponding 3D renderings shown in Fig. 1F and 1G, respectively. 72 Measuring the diameter of individual microfibrils ( Fig. 2A, n=150 for each cell wall 73 type), we observed peaks at 3.5  0.5 nm and at 5  0.5 nm (Fig. 2B) , which in accordance with 74 the current microfibril model, may correspond to a round cellulose core that in many places is 75 surrounded by a very thin sheath of hemicellulose. Some microfibrils appear elliptical with up to 76 ~9 nm thicker portions that may be assigned to additional hemicellulose, pectin, or 77 lignin. This assignment was further supported by the experimental removal of pectins and 78 hemicelluloses (24-25) from primary cell walls (Ext. PCW) by treatments with 0.5% ammonium 79 oxalate and 4% NaOH prior to dehydration and resin-embedding ( Fig. 2B) . Cellulose, 80 hemicellulose and pectin cannot be directly distinguished in the density maps due to their 81 chemical similarity. We will use the term matrix polychaccarides instead of hemicellulose, since 82 pectin's contribution to microfibrils and cross-links cannot be ruled out, despite the overall low 83 pectin concentration and expected localization of pectin to the middle lamella. 84
Statistical analysis of microfibrils and cross-connector thickness allowed a comparison 85 between the volumes occupied by cellulose and matrix polysaccharides, respectively, and to 86 build idealized models: one where microfibrils are exclusively made of cellulose, with all matrix 87 polysaccharides residing in the cross-links only (Fig. 2D ) and another scenario where cellulose 88 strands form a 3.5 nm microfibril core, surrounded by a thin matrix polysaccharides-based sheath 89 and matrix polysaccharides form sturdy cross-links ( Fig. 2E) . The matrix polysaccharides-to-90 cellulose volume ratio of the first scenario is ~0.07 and 1.3 for the second scenario, which is in 91 good agreement with bulk analysis estimates from Arabidospsis thaliana root and leaves (26). 92
While we realize the limitations of comparison with bulk mass ratio biochemical analysis, our 93 core-and-sheath model seems more likely, and is agreement with previous findings that 94 significant stretches of matrix polysaccharide strands are closely aligned with the elementary 95 fibril cellulose core (9, 10, 12, (27) (28) . This arrangement would allow hemicellulose sheaths and 96 cross-links to slide along the cellulose core under shear force, whereas rigid, highly localized 97 connections would likely break and has significant implications for force transmission between 98 adjacent microfibril layers as will be discussed below. Bridge-like cross-linkers (n=100 for each 99 type of cell wall) appeared short (typically 4-6 nm) and thick, indicating bundling of multiple 100 matrix polysaccharide strands. Within the z=50 nm section-height examined in cryo-tomograms, 101
we found on average for 4 and 3 out of every 5 microfibrils for PCWs and SCWs, respectively. 102
Cross-links were absent in chemically extracted PCWs (Fig. 2F) . 103 104
Supramolecular 3D Cell Wall Organization 105
As shown in Figure 3A -B xylem tracheary element (XTE) cells feature multiple layers, with the 106 middle lamella (M) being sandwiched between primary cell wall layers (P), which are flanked by 6 three secondary cell wall segments (S1, S2, S3) on one side and one (S) secondary cell wall 108 segment on the other side, with intermittent transition zones (T). Xylem parenchyma (XP) cells 109 lack secondary cell walls layers . To determine whether texture differences across the 110 cell wall visible in cryo-EM projection images of XTE cell walls ( Fig 3A) could be attributed to 111 differences in microfibril 3D orientations, we measured the average tilt angle of microfibrils in 112 consecutive radial microfibril layers . We found in each of the S1, S2 and S3 regions of SCWs 113 ~15 consecutive parallel microfibril layers ( Fig. 3B ) that were off-set from axial orientation by 114 either plus or minus ~27˚ (with slight variations being present in the tilt angle value for each 115 microfibril). Between each of the S regions and between the S and P region, we found a three-116 layer transition zone (T), where microfibrils were oriented axially. Likewise, in primary cell 117 walls in both XTE and XP cells most microfibrils were oriented axially (parallel to 118 the growth axis). 119 120
Mechanical Cell Wall Properties 121
To determine what effect the supramolecular 3D organization had on the mechanical 122 properties of primary and secondary cell walls, we resorted to computational simulations (Fig. 123 4). First we examined the mechanical properties of the rather complex tomography-derived 3D 124 volume of the complex XTE walls ( Fig. 4A ) and of simplified and idealized 3D-CAD models 125 ( Fig. 4B ), which allowed for the calculation of axial load and shear forces for different wall 126 models. We estimated the overall mechanical stiffness on both the experimentally determined 127 volumes ( Fig. 4C ) and CAD-model idealized models (Fig. 4D ), using homogenization, as is a 128 routine approach in composite and porous material research. 129
Mechanical properties of tomographic cell wall density maps 7
We assumed a 300x100x50nm 3 tomographic representative volume element (RVE) of SCW to 131 be made of orthotropic material (Supplementary text; Tables S1 and S2), and considered 132
Young's modulus of 30 and 10 GPa for cellulose and hemicellulose, respectively (21). We found 133 the effective stiffness of the SCW tomographic volume (SCW-Tomo) to be E R =5.6 MPa, E T =25 134
MPa and E L =59 MPa, along the principal material axes (radial, transverse, longitudinal) 135 respectively ( Fig. 4E ). Likewise, we also performed a mechanical analysis of the PCW 136 tomographic volume (PCW-Tomo), and found the stiffness to be E R =63 MPa, E T =161MPa and 137 E L =521MPa ( Fig 4E) . We attribute the higher stiffness of the PCW-Tomo compared to the 138 SCW-Tomo to a smaller void fraction, which was surprisingly large (PCW: ~72%; SCW: 139 80%). The void volume is the space not taken up by microfibrils or cross-links, which is likely 140 filled with water and soluble small molecules. Our cryo-tomographic analysis suggested the 141 absence of an extensive lignin network matrix, as oligomers or polymers larger than 3 nm should 142 be visible in our cryo-tomograms. We modeled lignin as ball-like objects ranging from 0.5-3 nm 143 to be added into the SCW-Tomo volume at various concentrations from 0-30% of the total 144 volume fraction ( Fig. S2 A) and found that at low lignin concentrations there wasn't enough 145 material to form a continuous matrix, instead lignin may reinforce the cellulose-hemicellulose 146 macromolecular network, as even small increases in lignin concentrations has significant effects 147 on the Young moduli, which showed quadratic increases in all directions ( Fig. S2G ). We submit 148 that the role of lignin at low concentrations is not to act as a matrix but to reinforce the 149 microfibril-marix polymer framework, thus enhancing cell wall's overall stiffness. 150 151
Comparison idealized 3D-CAD model with tomographic density maps 152
We considered four idealized modeling approaches (see Supplemental material and Fig. 153 S1) to both primary and secondary cell wall, and chose the NET model for further simulations. 154 8
The calculated stiffness in SCW-NET (E R =4MPa, E T =9 MPa, E L =1520 MPa) was in good 155 agreement with the homogenized SCW-Tomo results, except for the stiffness in the axial 156 direction, which was ~25 fold higher (Fig. 4E ). This discrepancy led us to an in-depth 157 examination of microfibril shapes. We realized that microfibrils were not straight rods but had a 158 wavy appearance, which corresponds to a weakening of the microfibril in the axial direction. To 159 model such imperfections we introduced a tortuosity (twist) in our idealized microfibril model, 160
which had a very small influence in the transverse direction (E R =4.5 MPa, E T =9.2 MPa), but 161 resulted in stiffness drop in the axial direction (E L =63 MPa), bringing it in close agreement with 162 the SCW-Tomo results in all three directions (Fig. 4E) . 163
Nonlinear buckling and viscoelastic analyses of the fibers with and without tortuosity 164 store up to 43% more elastic energy as they deform. We hence, conclude that imperfections in 167 microfibril structure, while significantly reducing the stiffness of the cell wall, increases its 168 ductility as well as the dissipation of elastic and viscoelastic energies, which could be crucial for 169 plants to prevent breakage against extreme loading (such as in high winds). 170
Supramolecular 3D organization of microfibrils across the cell wall 171
We further examined the effect of the alternation of microfibril orientation (plus 27˚ or 172 minus 27˚) for each of the three 15-microfibril layers in the S1, S2 and S3 SCW and the 3-layer 173 transition zone in axial microfibril orientation (Fig. S3A ). The minus/plus/minus 27˚ deviation 174 from an axial orientation caused a dramatic stiffness drop in the axial direction, but also a 200-175 fold increase in the elastic strain energy density. Without transition zones (18 layers that are 176 minus/plus/minus 27˚ inclined, Fig. S3B ), axial stiffness was further reduced by a factor of 4, 9 with an increased elastic energy storage of 30%, whereas if all microfibrils (54 layers) were 178 inclined by 27˚ ( Fig. S3C ), axial stiffness decreased 27-fold and elastic energy storage increased 179 by 800%. The observed minus/plus/minus configuration is a quasi-symmetric and balanced 180 composite (each ply has an opposite-aligned counterpart), thus decoupling membrane (in-plane) 181
and bending (out-of-plane) cell wall mechanical responses (29) analysis of the frequency of microfibril diameter reveals a peak at 3.5 nm and 5-5.5 nm, and a 305 small shoulder to dimensions up to 9 nm. C) Gallery of 3 different microfibrils cross-sections 306 illustrating the numbers obtained in Fig 4B) with microfibrils being round at ~3.5 nm (middle 307 panel), oval shaped with a diameter of ~3.5 nm by ~5-5.5 nm (left panel), reaching up to 9-10 308 nm (right panel). Scale bars = 2 nm. D) Hypothetical 3D-CAD model with all of cellulose 309 residing in the microfibrils and hemicellulose confined to cross-links only. E) Alternative 3D 310 model of two adjacent microfibrils (middle) that contain a cellulose core (left), surrounded by a 311 hemicellulose sheath as well as a cross-connection between adjacent microfibrils (right). F) 312
Occurrence of cross-links in PCW (left), SCW (middle) and chemically extracted PCW (right). showing two adjacent cells with both secondary and primary cell walls. Note that one of the two 318 adjacent cells has several secondary cell wall subregions, called S1, S2 and S3 and transition 319 zones (T). On the other side of the middle lamella (M) is the primary cell wall P, a transition 320 zone T as well as one secondary cell wall region.Scale bar = 100 nm. B) Idealized model of a 321 xylem tracheary elements cell wall at side view (top), slanted 45˚ view (middle) and an en-face 322 view of microfibrils (bottom). Note that microfibril orientation differs in S1, S2 and S3, with 15 323 layers of microfibril featuring an average angle of minus ~27˚, plus ~27˚ and minus ~27˚ off the 324 longitudinal axis (plant elongation direction). S3, S2, S1 and the Primary Cell Wall (PCW) 325 regions are separated by a three layer-transition zone with axial microfibril orientation. The NET is a network model that fully accounts for the 3D volume of both microfibrils and cross-348 links B) BEAM is a simplified approach based on Timoshenko beam mechanical theory (C) 349
NETMAT is similar to NET, with an added a matrix in between the fibers and (D) MAT, which 350 is similar to NETMAT but does not contain inter-microfibrillar cross-connectors. analysis of the frequency of microfibril diameter reveals a peak at 3.5 nm and 5-5.5 nm, and a 558 small shoulder to dimensions up to 9 nm. C) Gallery of 3 different microfibrils cross-sections 559 illustrating the numbers obtained in Fig 4B) with microfibrils being round at ~3.5 nm (middle 560 panel), oval shaped with a diameter of ~3.5 nm by ~5-5.5 nm (left panel), reaching up to 9-10 561 nm (right panel). Scale bars = 2 nm. D) Hypothetical 3D-CAD model with all of cellulose 562 residing in the microfibrils and hemicellulose confined to cross-links only. E) Alternative 3D 563 model of two adjacent microfibrils (middle) that contain a cellulose core (left), surrounded by a 564 hemicellulose sheath as well as a cross-connection between adjacent microfibrils (right). F) 565
Occurrence of cross-links in PCW (left), SCW (middle) and chemically extracted PCW (right). showing two adjacent cells with both secondary and primary cell walls. Note that one of the two 577 adjacent cells has several secondary cell wall subregions, called S1, S2 and S3 and transition 578 zones (T). On the other side of the middle lamella (M) is the primary cell wall P, a transition 579 zone T as well as one secondary cell wall region.Scale bar = 100 nm. B) Idealized model of a 580 xylem tracheary elements cell wall at side view (top), slanted 45˚ view (middle) and an en-face 581 view of microfibrils (bottom). Note that microfibril orientation differs in S1, S2 and S3, with 15 582 layers of microfibril featuring an average angle of minus ~27˚, plus ~27˚ and minus ~27˚ off the 583 longitudinal axis (plant elongation direction). S3, S2, S1 and the Primary Cell Wall (PCW) 584 regions are separated by a three layer-transition zone with axial microfibril orientation. The 
